A Gram-staining-positive, non-spore-forming and non-motile strain, designated WYH11-7 T , was isolated from a phosphate mine in Yunnan Province, PR China. The taxonomic position of WYH11-7 T was investigated by polyphasic approaches. Phylogenetic analyses based on 16S rRNA gene sequences indicated that WYH11-7 T represents a member of the genus Nocardioides. WYH11-7 T was closely related to Nocardioidesjensenii DSM 20641 T , Nocardioidesdubius DSM 19084 T and Marmoricolaterrae DSM 27141 T , and had pairwise 16S rRNA gene sequence similarities of 97.4, 97.2 and 97.0 %, respectively. DNA-DNA relatedness values between WYH11-7 T and related type strains N. jensenii DSM 20641 T and N. dubius DSM 19084 T were found to be 17.6±4.9 and 14.6±3.1 %, respectively. The respiratory menaquinone of WYH11-7 T was MK-8 (H4) while the major fatty acids were C 18 : 1 !9c, C 16 : 0 , C 17 : 0 , C 17 : 1 !8c, C 18 : 1 10-methyl and summed feature 3 (C 16 : 1 !6c and/or C 16 : 1 !7c). The polar lipids were diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol and two unidentified phospholipids. Whole-cell hydrolysates contained mannose, ribose, glucose and galactose along with LL-diaminopimelic acid as the diagnostic diamino acid in the peptidoglycan. The DNA G+C content was 71.2 mol%. Phenotypic, phylogenetic and chemotaxonomic data indicated that strain WYH11-7 T represents a novel species of the genus Nocardioides, for which the name Nocardioidesphosphatisp. nov. is proposed. The type strain is WYH11-7 T (=CGMCC 4.7371 T =DSM 104026 T ).
The genus Nocardioides, proposed by Prauser [1], belongs to family Nocardioidaceae within the class Actinobacteria. This genus accommodate species characterized as Gramstain-positive, non-acid-fast, coccus-to-rod-shaped bacteria with LL-diaminopimelic acid as the diagnostic diamino acid of their cell-wall peptidoglycan and MK-8(H 4 ) as the predominant menaquinone, they have a complex cellular fatty acid profile and have iso-C 16 : 0 and/or C 18 : 1 !9c as the dominant fatty acids [2] [3] [4] [5] . Since the proposal of the genus Nocardioides, more and more species have been classified as members of the genus Nocardioides. Strains affiliated with the genus Nocardioides have been isolated from diverse environments, such as soil, marine sediment, glacier, water, ground water, seawater, spring water, wastewater, plant rhizosphere, sludge, polluted environments, beach sand and halophyte, Daphnia cucullata and even from crude oil [6] [7] [8] [9] [10] [11] [12] [13] [14] . At the time of writing, the genus Nocardioides comprised 81 species with validly published names (www.bacterio.net/nocardioides.html). In recent years, members of the genus Nocardioides have attracted more and more attention, because they are able to degrade various xenobiotic compounds [15] [16] [17] [18] [19] [20] . Thus, they are potentially important in the biogeochemical cycles of carbon, nitrogen and chlorine, elements of xenobiotic compounds in their surrounding environments. They have also potential biotechnological applications, for example, the bioremediation of aromatic-contaminated environments. In addition, some strains can produce antibiotics with antitumor activities [21, 22] .
During an investigation of the diversity of cultivable microorganisms in a phosphate mining field ecosystem, a strain (designated WYH 11-7 T ) was isolated from phosphate rock powder samples and selected for further characterization using a polyphasic approach, including analysis of genotypic, chemotaxonomic and classical phenotypic characteristics. Based on our results, we consider that the strain represents a novel species of the genus Nocardioides.
WYH 11-7 T was isolated from phosphate rock powder samples collected at a phosphate mining field situated in a suburb of Kunming in Yunnan Province in south-western China. A sample (1 g) was suspended in 9 ml sterile distilled water and serial dilutions were made. Aliquots (0.1 ml) of appropriate dilutions were spread on R2A agar plates [23] and incubated at 30 C for 4-5 days. The purity of cultures was assessed on the basis of colony morphology and microscopy. For short-term preservation, serial transfer from agar slants was performed and the agar slants were stored at 4 C. For long-term preservation, the strain was stored at À80 C in R2A broth with 20 % glycerol (v/v). For taxonomic purposes, Nocardioides jensenii DSM 20641 T [24] and Nocardioides dubius DSM 19084 T [25] (obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, DSMZ) were used as reference strains.
Cell size and morphology of WYH 11-7 T were studied after growth for 2 days at 30 C on R2A agar by light microcopy (Eclipse 50i; Nikon) and by transmission electron microscopy (JEM-1400; JEOL). In preparation for electron microscopy the bacterial cells were suspended in 0.85 % NaCl. Subsequently, the cells were dried on a nickel-coated mesh, negatively stained with phosphotungstic acid and examined. Gram staining was performed using a bioM erieux Gram stain kit according to the instructions of the manufacturer. The motility of cells was tested by the hanging drop method [26] . Colony appearance was assessed by visual inspection. Catalase activity was confirmed by adding 3 % (v/v) hydrogen peroxide solution to colonies grown on R2A agar. Growth at different temperatures and pH values was investigated using R2A as the basal medium. Oxidase activity was determined using 1 % (w/v) N,N,N¢,N¢-tetramethyl-1,4phenylenediamine dihydrochloride [27] . NaCl tolerance was tested using R2A broth supplemented with 0, 1, 2, 3, 4, 5, 6 and 7 % (w/v) NaCl. Amylases were detected using plates that contained 1 % (w/v) soluble starch in R2A medium. After 3 days incubation at 30 C, the plates were stained by using Congo red [28] , then they were flooded with 0.2 % aqueous Congo red dye solution followed by removal of extra dye and flooding the plate with 1 M NaCl solution. A clear zone around bacterial growth indicated positive hydrolysis. The utilization of substrates as single carbon sources were carried out as described by Zhou Growth was monitored by measuring the increase in OD 600 of the culture broth using a spectrophotometer. Sensitivity to antibiotics was tested using the diffusion method on R2A agar at 30 C with filterpaper discs (8 mm diameter) containing the following antibiotics: amikacin (30 µg), amoxicillin (10 µg), ampicillin (10 µg), azithromycin (15 µg), bacitracin (0.04 IU), cefotaxime (30 µg), ceftazidime (30 µg), chloramphenicol (30 µg), ciprofloxacon (5 µg), clindamycin (2 µg), erythromycin (15 µg), gentamicin (10 µg), neomycin (30 µg), norfloxacin (10 µg), novobiocin (5 µg), penicillin G (10 IU), piperacillin (100 µg), rifampin (5 µg), sulfamethoxazole (300 µg), tetracycline (30 µg) and vancomycin (30 µg) . The effects of the various antibiotics on cell growth were assessed after 2 days incubation, the strain was considered susceptible when the diameter of the inhibition zone was at least 10 mm, resistant at less than 10 mm. Additional biochemical tests were performed using the API ZYM, API 20E and API 20NE (bioM erieux) microtest systems according to the methods outlined by the manufacturers.
Cells of WYH11-7 T were Gram-staining-positive, nonmotile, rod-or coccus-shaped, 0.4-0.6 µm wide and 0.7-2.0 µm long, occurring either singly or in pairs. The strain grew well on R2A, potato-dextrose agar (PDA) and Luria-Bertani (LB) media, whereas no growth was observed on tryptone soya agar (TSA) medium. Colonies were creamy white and circular, smooth and convex with entire margins after two-days of incubation on R2A agar. Neither substrate nor aerial mycelium formed. The optimal temperature for growth of WYH11-7 T was 30 C, growth was observed at 4-38 C, no growth was observed at 42 C. The optimal pH for growth was 7.0, growth occurred at pH 5.0-10.0. WYH11-7 T grew at NaCl concentrations of 0-1 % (w/v). Other phenotypic features of WYH11-7 T are presented in Table 1 and in the species description. Some characters of the type strains of N. jensenii (DSM 20641 T ) and N. dubius (DSM 19084 T ) were tested simultaneously with WYH11-7 T . The results indicate that some phenotypic characteristics of WYH11-7 T are similar to those of the other two closely related species of the genus Nocardioides. For example, all strains are positive for the Gram reaction, catalase, gelatin hydrolysis, alkaline phosphatase, esterase (C4), esterase lipase (C8), leucine arylamidase, acid phosphatase, naphthol-AS-BI-phosphohydrolase and a-glucosidase, negative for acid-fastness, trypsin, a-chymotrypsin, a-galactosidase, b-galactosidase, b-glucuronidase, N-acetyl-b-glucosaminidase, a-mannosidase, a-fucosidase, indole production from tryptophan, H 2 S production, acid production from D-glucose and L-arabinose, but not from L-rhamnose. All strains are positive for assimilation of Dglucose, maltose and L-histidine but not for assimilation of D-mannose, L-arabinose, D-fructose, D-xylose etc. However, WYH11-7 T was differentiated from the most closely related type strain, N. jensenii DSM 20641 T , by characteristics of growth at 38 C and growth at different NaCl concentration, production of urease, amylase and arginine dihydrolase, acid production from inositol, D-sorbitol, sucrose and amygdalin, assimilation of sucrose, lactose, trehalose, raffinose etc.
Genomic DNA was extracted according to the standard procedure of Sambrook and Russell [30] . The 16S rRNA gene was amplified by PCR using a universal primer set corresponding to Escherichia coli positions 27F (5¢-GAGTTTGATCCTGG-CTCAG-3¢) and 1492R (5¢-TACGGTTACCTTGTTACG-ACTT-3¢), originally described by Lane [31] . The purified PCR product was cloned into pGEM-T vector and sequenced on an Automatic Sequencer (Applied Biosystems). The resulting sequence was compared with available 16S rRNA gene sequences from the EzTaxon-e database (http://www.ezbiocloud.net/; [32] ). Phylogenetic analysis was performed by using the software package MEGA version 7.0 [33] after multiple alignment of the data with software CLUSTAL_X [34] . Phylogenetic trees were reconstructed by using the neighbourjoining [35] , maximum-likelihood [36] and maximum-parsimony [37] analysis methods. The topologies of the trees were evaluated using a bootstrap analysis [38] based on 1000 resamplings.
The full-length 16S rRNA gene sequence of WYH11-7 T determined as part of this study was 1478 bp in length. Results of phylogenetic analyses of 16S rRNA gene sequences indicated that WYH11-7 T was related closely to species of the genus Nocardioides in the family Nocardioidaceae ( Fig. 1 ). According to sequence similarity calculations, The G+C content of the DNA was determined by the thermal denaturation method [39] with Escherichia coli K-12 as the reference. Levels of DNA-DNA hybridization were determined from the initial DNA-DNA liquid reassociation rate as described by De Ley et al. [40] and modified by Huß et al. [41] . Tests were performed on a DU 800 spectrophotometer (Beckman) equipped with a temperature program controller. DNA-DNA relatedness was obtained from three independent determinations. The DNA G+C content of WYH11-7 T was 71.2 mol%. WYH11-7 T exhibited DNA-DNA relatedness values of 17.6 % (±4.9 %) and 14.6 % (±3.1 %) with N. jensenii DSM 20641 T and N. dubius DSM 19084 T , respectively. These DNA-DNA relatedness values were significantly lower than the value of 70 % that is commonly accepted for definition of a novel bacterial species [42] .
Respiratory quinones were extracted according to the method of Minnikin et al. [43] and were analysed by high performance liquid chromatography (HPLC) as described by Collins [44] , with previously characterized ubiquinones as a reference. The isomer of diaminopimelic acid in the Table 1 . Phenotypic characteristics that differentiate WYH11-7 T from the type strains of closely related species of the genus Nocardioides Strains: 1, WYH11-7 T ; 2, N. jensenii DSM 20641 T ; 3, N. dubius DSM 19084 T . All data were obtained during this study, except for the DNA G+C contents of the reference strains (taken from Collins et al. [24] and Yoon et al. [25] ). +, Positive; (+), weakly positive; -, negative. All strains are positive for Gram reaction, catalase, gelatin hydrolysis, alkaline phosphatase, esterase (C4), esterase lipase (C8), leucine arylamidase, acid phosphatase, naphthol-AS-BI-phosphohydrolase and a-glucosidase; negative for acid-fastness, trypsin, a-chymotrypsin, agalactosidase, b-galactosidase, b-glucuronidase, N-acetyl-b-glucosaminidase, a-mannosidase, a-fucosidase, indole production from tryptophan and H 2 S production. All strains are positive for acid production from D-glucose and L-arabinose, but not from L-rhamnose, assimilation of D-glucose, maltose and L-histidine, but not assimilation of Dmannose, capric acid, trisodium citrate, phenylacetic acid, L-arabinose, D-fructose, D-xylose, N-acetyl-glucosamine, D-mannitol, L-glutamic acid, L-cysteine, L-methionine, L-phenylalanine and L-aspartic acid.
Characteristic 1 2 3
Growth at 38 C + À À [24] . †Data are not in accordance with those published by Yoon et al. [25] .
cell-wall peptidoglycan was determined as described by Hasegawa et al. [45] . The predominant menaquinone of WYH11-7 T was found to be MK-8(H 4 ) (90 %), whilst a minor amount of MK-8(H 2 ) (10 %) was also present. The major menaquinone of WYH11-7 T is in accordance with those of all other members of the genus Nocardioides. LL-Diaminopimelic acid was detected as the diagnostic cellwall diamino acid in the cell-wall peptidoglycan of WYH11-7 T , which is consistent with the description of the genus Nocardioides [46] .
Polar lipids were extracted using a chloroform/methanol system and analysed using two-dimensional TLC, as described by Kates [47] . Silica gel 60 F 254 aluminum-backed thin-layer plates (Merck) were used in TLC analysis. The plate dotted with sample was subjected to two-dimensional development, with the first solvent of chloroform-methanol-water (65 : 25 : 4, v/v) followed by second solvent of chloroform-methanol-acetic acid-water (85 : 12 : 15 : 4, v/ v). Detection of the total polar lipids was done using a spray of 5 % ethanolic molybdatophosphoric acid. WYH 11-7 T contained diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol and two unidentified phospholipids as the typical polar lipids (Fig. S1 ).
Cellular fatty acid profiles were determined from biomass harvested from a Petri dish cultures on R2A medium after 2 days of incubation, corresponding to the stationary phase of growth. The cellular fatty acids were saponified, methylated and identified by using the Instant FAME method of the Microbial Identification System (MIDI) version 6.0B and the TSBA6 6.00 database. The fatty acid pattern of WYH11-7 T and other species of the genus Nocardioides are listed in Table 2 . The major fatty acids (>5 %) detected (percentage of the total cellular fatty acids) from WYH11-7 T were C 18 : 1 !9c (31.3 %), C 16 : 0 (22.0 %), C 17 : 0 (10.1 %), C 17 : 1 !8c (7.3 %), C 18 : 1 10-methyl (6.8 %), summed feature 3 (C 16 : 1 !6c and/or C 16 : 1 !7c, 5.9 %). This cellular fatty acid profile of WYH11-7 T was generally similar to those of closely related species of the genus Nocardioides, but was distinguishable from them in terms of the proportion of some fatty acids, for example, iso-C 15 : 0 was detected in N. jensenii DSM 20641 T and N. dubius DSM 19084 T but not detected in WYH11-7 T . C 16 : 1 !9c and C 16 : 0 2-OH were only detected in WYH11-7 T . iso-C 16 : 0 was the predominant fatty acid of N. jensenii DSM 20641 T and N.dubius DSM 19084 T , which accounted for 15.3 and 52.1 % of the total cellular fatty acids of these two strains, but only 1 % in WYH11-7 T .
Despite WYH11-7 T and Marmoricola terrae DSM 27141 T sharing 97.0 % 16S rRNA gene similarity and forming a cluster in the phylogenetic tree, WYH11-7 T was differentiated from Marmoricola terrae DSM 27141 T by having a rod/coccus life cycle, by exhibiting a different fatty acid profile and by other chemotaxonomic features [48] . Accordingly, in view of the combined phenotypic and phylogenetic data, it appears to be appropriate for WYH11-7 T to be placed in the genus Nocardioides.
Based on all above results, WYH11-7 T represents a novel species of the genus Nocardioides, for which the name Nocardioides phosphati sp. nov. is proposed.
DESCRIPTION OF NOCARDIOIDES PHOSPHATI SP. NOV.
Nocardioides phosphati (phos.pha¢ti. N.L. gen. n. phosphati pertaining to phosphate, referring to the isolation of the type strain from a phosphate mine).
Cells are Gram-staining-positive, non-motile, rod-or coccus-shaped, 0.4-0.6 µm wide and 0.7-2.0 µm long, occurring either singly or in pairs. Colonies are creamy white and circular, smooth and convex with entire margins after two-days of incubation on R2A agar. Neither substrate nor aerial mycelium is formed. The optimal temperature for growth is 30 C, growth occurs at 4-38 C. The optimal pH for growth is 7.0, cells is able to grow at pH 5.0-10.0. Growth occurs in the presence of 0-1 % NaCl (w/v) in R2A medium. Positive for alkaline phosphatase, esterase (C4), esterase lipase (C8), leucine arylamidase, acid phosphatase, naphthol-AS-BI-phosphohydrolase and a-glucosidase, weakly positive for valine arylamidase and cysteine arylamidase, but negative for lipase (C14), trypsin, a-chymotrypsin, a-galactosidase, b-galactosidase, b-glucuronidase, bglucosidase, N-acetyl-b-glucosaminidase, a-mannosidase and a-fucosidase. Sensitive to amikacin, amoxicillin, ampicillin, azithromycin, cefotaxime, ceftazidime, chloramphenicol, ciprofloxacon, erythromycin, gentamicin, neomycin, norfloxacin, penicillin G, piperacillin, rifampin, tetracycline and vancomycin but resistant to bacitracin, clindamycin, novobiocin and sulfamethoxazole. Positive for catalase, amylase, gelatinase, arginine dihydrolase and citrate utilization but negative for oxidase, tryptophan deaminase, lysine decarboxylase, ornithine decarboxylase, urease, nitrite reduction, hydrolysis of aesculin and 4-Nitrophenyl b-Dgalactopyranoside (PNPG), Voges-Proskauer reaction, H 2 S and indole production. Acid is produced from D-glucose, L- Table 2 . Cellular fatty acid profiles of WYH11-7 T and the type strains of closely related species of the genus Nocardioides Strains: 1, WYH11-7 T ; 2, N. jensenii DSM 20641 T ; 3, N. dubius DSM 19084 T . All data were obtained during this study. Values are percentages of total fatty acids. -, Not detected. Summed features are groups of two or three fatty acids that cannot be separated by GLC using the MIDI system. 
